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Abstract
It is widely known that SiPM photodetectors have a strong temperature dependence. TrueInvivo is currently develop-
ing an automated TLD reader with the intention of replacing the PMT with a SiPM, taking advantage of the low power
consumption, small form-factor, and low cost the SiPM has to offer. Here we discuss our initial investigations into
the suitability of this switch in applied technology, present spectroscopic response as a function of SiPM temperature,
and the effectiveness of some options to mitigate this concern. It was found that while the SiPM is indeed affected by
variations in temperature a recovery of ∼50-60% in gain and resolution could be achieved with a rudimentary cooling
system.
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1. Introduction
The silicon photomultiplier (SiPM) is becoming in-
creasingly popular in a variety of fields, from nuclear se-
curity [1, 2], to radiopharmeceutical quality control [3],
to health physics [4], to medical imaging [5, 6], to name
but a few. Effectively, any field that was formerly the do-
main of the photomultiplier tube is now rapidly being in-
vaded with solid state technology. Over recent years great
strides have been made in the reduction of the SiPM dark
count allowing for their use in applications where the ac-
tivity is expected to be very low, and the typical gain of
106 is comparable to, if not greater than, that of many
common photomultiplier tubes (PMT)[7–10]. Coupled to
the small form-factor of the devices and the fact that they
typically require low operating voltages, SiPMs are a very
promising prospect for many low light-level detection ap-
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plications. In particular their influx in the world of med-
ical physics is opening up new realms of study and re-
search opportunity, with the intrinsic magnetic insensi-
tivity of solid state devices compared to a PMT utilising
stepped electric potentials for amplification, the imple-
mentation of SiPM devices allows for the use of PET-MRI
systems to become more widespread[11–13].
In parallel to technical developments in the world
of photodetection, since 2007 the University of Surrey
has been at the forefront of research into micro-silica
dosimetry[14]. There has been an increased demand
for dosimetry on a micro-scale to compliment and allow
thorough exploitation of the comparable advancements
in radiotherapy procedures. Treatment techniques such
as Cyberknife[15], intensity-modulated radiation therapy
(IMRT)[16, 17], and stereotactic body radiation therapy
(SBRT)[18] rely upon high dose and dose gradients, high
spatial resolution, and high linearity[19–21]. The glass
beads described initially in [22] have been shown to have
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a linear dose response over a wide range with exceptional
reproducibility. Furthermore, the read-out and analysis
of the glass beads is not dissimilar to that used for typ-
ical standard thermoluminescent dosimeters (TLDs), ie.
placed onto a planchett and subjected to contact heating
up to 400° C[10, 23–25]. Indeed, the performance of the
beads has previously been investigated using a Toledo
654[22, 26, 27] and a Risø DA-20[28–30], both machines
widely used for dosimetric auditing with materials such
as LiF:Mg,Cu,Ph[31, 32] and Al2O3:C[33, 34].
Although SiPMs are becoming common within Med-
ical Physics due to their implementation in PET-MRI, for
applications such as TLD or OSLD (Optically Stimulated
Luminescence Dosimetry) the temperature dependence
typical of most solid state devices presents an additional
engineering challenge[35–38] simply due to the proxim-
ity of the contact heater to the photosensor. The break-
down voltage (Vbr) of the SiPM is one of the key op-
erating parameters, described as the voltage at which a
semiconductor ceases to act as an insulator[10, 39]. The
breakdown voltage is linearly correlated to the temper-
ature and affects both the gain and dark current of the
SiPM, with the gain in particular being reduced signif-
icantly when temperature is increased, as the increase
in Vbr naturally reduces the gain-determining overvolt-
age (difference between the operating/supply and break-
down voltages) of the system where the supply voltage
remains constant. Typically this temperature dependence
is compensated for by one (or more) of a number of ap-
proaches; gain-matching[40] is an effective approach, al-
beit relatively simplistic, whilst active methods such as
immersion[41] or thermoelectric pumping[42] have also
been exploited.
Here we investigate whether the silicon photomulti-
plier is a technology that can be applied to the next gen-
eration of thermoluminescent dosimeter readers.
Figure 1: A SensL MicroFJ-SMA-60035 SiPM.
2. Experimental Setup
All experiments were performed on SensL’s latest
model SiPM, the J-series, to take advantage of the high
photodetection efficiency (PDE) and low dark count. The
Micro-FJ-60035-TSV SiPM is shown in Figure 1. Table 1
lists some of the important characteristics of the studied
SiPM, however of most relevance to this work is the vari-
ation in breakdown voltage given as 21.5 mV/°C[43].
Table 1: Some key operating characteristics of the SensL J-series
SiPM[43]. Note that the PDE does not contain afterpulsing or crosstalk.
Amount Unit
Active area 6.07 x 6.07 mm2
Vbr 24.7 V
Microcell size 35 µm
No. of microcells 22292
Peak PDE 38 %
Dark count 50 kHz/mm2
Gain 2.9 x106
Recovery 50 ns
The temperature sensitivity of the SiPM is investi-
gated by thermally coupling the device to a heating sys-
tem depicted in Figure 2 all contained within a light-tight
metal box. Thermally coupling the SiPM to a ceramic
plate housing a PT100 resistance temperature detector al-
lows for continuous monitoring of the SiPM temperature.
A preliminary study on an equivalent piece of 1.2 mm
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Figure 2: Rendering of the experimental set-up for the direct heating
portion of this work. For investigations into the spectroscopic response
a cylindrical piece of CsI(Tl) is optically coupled to the SiPM, otherwise
both it and the supporting 3D-printed bracket are removed.
thick FR4 PCB to replicate any dampening effect caused
by the SiPM evaluation board determined that thermal
equilibrium was reached after ∼1 minute, although as a
precaution at least 5 minutes stabilisation time was al-
lowed prior to each measurement. The PT100 layer is sub-
sequently coupled with Electrolube silicone heat transfer
compound to a CP1.0-31-05L Peltier module which itself
is coupled to a copper heat-sink with a pumped water
flow from an RTE-2000. As described in [42], the Peltier
thermoelectric module operates via the Peltier effect to fa-
cilitate a heat differential across the device, thereby creat-
ing a “hot” and “cold” side. The device can then act either
as a “heater” or a “cooler” to the SiPM depending on its
orientation. Furthermore, the addition of the RTE-2000 to
the heating chain allows for a greater degree of tempera-
tures to be investigated, with coarse temperature set with
the water flow before the Peltier is used for fine tuning.
2.1. IV Measurements
The key operating parameter of a SiPM is the break-
down voltage (Vbr), described as the voltage at which a
semiconductor ceases to act as an insulator[10, 39]. This
was determined for the SensL device studied using a
Keithley 487 picoammeter. The characteristic plot of cur-
rent against voltage (an IV curve) is shown in Figure 3 for
ambient temperature. In common with the SensL guide-
Figure 3: The IV curve of the SiPM at ambient conditions. The break-
down voltage is determined from the straight line fit.
lines the breakdown voltage is defined as “the value of the
voltage intercept of a straight line fit to a plot of the square root
of the current versus over-voltage”[43].
2.2. γ Spectroscopy
The spectroscopic response of the SiPM as a function
of temperature was investigated using the same system
described previously, but with the addition of a scintil-
lator optically coupled to the SiPM. The scintillator se-
lected was a cylinder of thallium-doped caesium iodide,
or CsI(Tl), measuring 20 mm in length and with a 7 mm
diameter. One face was optically coupled to the SiPM
with the remainder tightly wrapped in reflective foil to
improve light collection. CsI(Tl) is a well-studied scintil-
lator that has found uses in a variety of applications from
medical physics [44–48] to more fundamental research
[49–51]. It was selected due to its high stopping power,
which increases with both density and effective atomic
number (ρ = 4.51 g/cm3, Ze f f = 54), very good light yield
(54,000 photons/MeV), and it being the only scintillator
in the laboratory that would physically fit on the space
allowed by the SiPM evaluation board. As can be seen in
Figure 4, CsI(Tl) has a peak wavelength at around 550 nm,
somewhat offset from the peak responsivity of the SiPM
at 420 nm, however the high light yield compensates for
this mismatch.
The output of the SiPM was taken to an Ortec
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Figure 4: Overlay of the photodetection efficiency of the J-series SiPM
with the relative emmision with respect to wavelength of the CsI(Tl)
scintillator. Data extracted from [43, 52].
570 spectroscopy amplifier for acquisition by an Ortec
EasyMCA 8k channel multichannel analyzer. The MCA
has a 0-10 V input dynamic range and the conversion gain
was set to 2048 channels due to its use with the CsI(Tl)
scintillator via the Maestro control software[53]. All data
is post-processed using a ROOT analysis code to produce
the γ spectra. Standard laboratory γ ray sources, 137Cs
(107 kBq) and 22Na (190 kBq) were investigated.
2.3. Proximity Heating
The Peltier technique has two major drawbacks. The
first is that this is not an accurate representation of the
conditions a SiPM would be subjected to when enclosed
within a TLD reader, there will be limited thermal con-
duction and heat transfer would be primarily through ra-
diation. The second is the temperature range available for
investigation, primarily that the temperatures required to
empty traps within the glass beads are sufficient to liquify
the solder used in the evaluation board. However, that
the first drawback exists means that the second drawback
might be mitigated.
If the Risø DA-20 TLD reader is used as an example
for a standard TLD heating system[28], the heating ele-
ment lifts the sample into position under the photosen-
sor, ramps the temperature of the planchett up to around
400°C (depending on the TLD material), before lowering
the sample again away from the sensor. Additionally, the
Risø has a nitrogen supply which can prevent oxidation
on the heating element at high temperatures.
To simulate the heat exposure during TLD readout a
ZENY 937D+ soldering iron was placed close to the SiPM
at an approximately 2 mm stand-off. The iron was ori-
ented that the flat edge bisected the SiPM face and was
secured ∼2 mm away. The iron was then held at in-
creasingly high temperatures and IV measurements were
repeatedly taken to investigate the stability of the SiPM
over prolonged high temperature exposure.
2.4. Active Cooling
The Peltier module acts as a heat pump, moving heat
from one side to the other. In one orientation, that de-
scribed thus far, it provides a heat source, however, by
reversing the module it acts to cool the surface it is in con-
tact with. In this case the heat in the SiPM is actively re-
moved by the Peltier and water cooling of the RTE-2000.
In the reverse orientation, that of the cool side towards
the SiPM, the Peltier is used to reduce any external heat-
ing effect due to the nearby soldering iron and return
the value of the breakdown voltage back towards that
recorded under room temperature conditions and there-
fore potentially boosting the gain.
3. Results and Discussion
The baseline IV measurement establishing the break-
down voltage of the device was shown in Figure 3 estab-
lishing the value of Vbr as 24.62 ± 1.75 V at room temper-
ature. This is in common with the typical values quoted
by the manufacturer[43] and measured by the authors for
similar units[54].
The initial direct heating measurements took the SiPM
beyond its rated temperature range of -40°C - 85°C[43]
with the highest temperature at which data was recorded
for being 154°C, the maximum provided by the boosted
(ie. with 90°C water pumped through the heat sink)
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Figure 5: Some example IV curves with the SiPM heated via the direct
conduction method.
Figure 6: Breakdown Voltage as a function of SiPM temperature.
Peltier. A sample set of IV curves is depicted in Fig-
ure 5 which shows that as temperature of the device is
increased, so does the value of the breakdown voltage.
Within the rated temperature range the value of Vbr in-
creases from 24.67 ± 2.16 V at 20.03°C to 25.82 ± 2.89 V
at 83.42°C. Similarly, it is clear that the baseline current at
voltages lower than Vbr also increases with temperature
and that the shape of the IV curve above Vbr decreases in
linearity. This altered shape is further pronounced once
the temperature is pushed beyond the rated maximum of
85°C and it is no longer a simple matter to determine the
breakdown voltage.
If we extract the breakdown voltage from the curves
shown in Figure 5, as well as the remainder of the dataset,
its response as a function of temperature becomes clear
and can be seen in Figure 6. The full dataset collated in
Figure 6 is fitted to a straight line which establishes a tem-
perature dependency of 17.7 ± 0.9 mV/°C, close to the
manufacturer’s quoted value.
3.1. γ Spectroscopy
The performance of a SiPM-CsI(Tl) system with re-
spect to temperature was investigated with both a fixed
bias voltage and with gain matching, ie. an approxi-
mately fixed overvoltage, and data was taken for two
radioactive sources, 137Cs and 22Na. Where a fixed bias
voltage was applied the effect of a rise in temperature in-
creasing the breakdown voltage of the SiPM will cause
the gain of the device to decrease due to the reduction in
overvoltage.
Figure 7: 137Cs γ-ray spectra with fixed bias voltage of 29.3 V for differ-
ent SiPM temperatures. The resolutions of the photopeak (where possi-
ble to calculate) are listed in Table 2.
The inversely proportional nature of gain to SiPM
temperature can be seen clearly in Figure 7 where the
voltage was set to 29.3 V. In this case, for the 137Cs dataset,
it can be seen that as the temperature of the SiPM in-
creases, the centroid channel number of the 661.7 keV
peak decreases, likely a direct result of the reduction of
overvoltage. The same trend was seen for the data taken
with the 22Na source. Similarly the increased temperature
has had a negative effect on the detector γ energy resolu-
tion, which has been extracted from the data in Figure 7,
as well as for the equivalent measurements of the 22Na
511 keV peak, which are both displayed in Table 2.
The potential for gain-matching as a solution to the
high temperature environment is shown in Figure 8
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Table 2: Variation of 661.7 keV energy resolution with direct heating of
the SiPM.
137Cs - 661.7 keV 22Na - 511 keV
Temp. °C Res. (%) Temp. °C Res. (%)
24 14.8 ± 0.1 24 17.7 ± 0.1
32 15.3 ± 0.1 33 17.9 ± 0.1
45 17.3 ± 0.1 43 21.9 ± 0.1
53 32.7 ± 0.7 51 36.7 ± 0.2
57 N/A 56 N/A
Figure 8: A demonstration of gain-matched γ spectra with extracted
661.7 keV energy resolutions. The effect of increasing the SiPM tem-
perature can be seen by comparing the blue and red spectra (27.3 V at
24°C and 45°C), whereas the gain-matching technique is then shown by
the transition from the red, cyan, and then green spectra and its clear
improvement in both gain and resolution.
where the bias voltage has been increased as the tempera-
ture increases in an effort to mitigate the effect of the gain
reduction due to decreased overvoltage. However, this
only has a limited useability with the quoted maximum
bias voltage of 31 V[43] unlikely to provide much assis-
tance for the expected temperatures during TLD readout.
An additional confounding factor in this study (although
not relevant for implementation in the automated TLD
reader) is likely to be the temperature sensitivity of the
CsI(Tl) crystal itself[55, 56].
3.2. Exposure to an External Heat Source
In order to best approximate the conditions of the TLD
readout the soldering iron was taken up to 400°C, the
complimentary work published in [30] has established
that 370°C is sufficient to fully empty the traps of mi-
crosilica glass bead TLDs. Due to the change in heat trans-
fer mechanism, from conductive to radiative, and the new
position of the heat source relative to the SiPM, the PT100
no longer provides an accurate measure of the tempera-
ture of the SiPM.
Figure 9: Effect of soldering iron heat source on the breakdown voltage.
The response of the SiPM breakdown voltage and the
respective IV curves are shown in Figure 9 for solder-
ing iron temperatures between 200-400°C. Although it ap-
pears that the heat source is indeed following the pat-
tern shown in Figure 5 only the drawn and baseline cur-
rents seem to be affected, with the point of semiconductor
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Figure 10: Gamma spectroscopy result for the proximity heating tests at
different soldering iron temperatures.
breakdown remaining far more stable than was seen pre-
viously.
However, if we now consider the respective γ-ray
spectra displayed in Figure 10, we see an effect greater
than that expected if the value of the breakdown voltage
was the only factor. The shift in peak centroid from the
room temperature measurement to where the heat source
was set to 250° C is negligible, but once the temperature
increases to 300°C this channel number more than halves,
and then the spectrum becomes unrecogniseable as 22Na
at 350°C. This same trend was also seen with the 137Cs
dataset and is present in Figure 9 where the increase in
leakage current remains low until the soldering iron is in-
creased to 275-300°C indicating the presence of a thresh-
old effect. The ∼250°C region may be the limit at which
the local, ambient conditions can dissipate the soldering
iron iduced temperature without the SiPM being affected,
and the point at which alternate cooling techniques must
be implemented to ensure continued functionality of the
system.
3.3. Active Cooling
The Peltier module’s suitability as a means of cooling
the SiPM was tested at an external temperature source of
300°C and the respective IV curves for these are depicted
in Figure 11. There is a noticeable shift in breakdown volt-
age once the Peltier is switched on, even at the relatively
Figure 11: The response of the SiPM breakdown voltage to the active
cooling technique. The soldering iron was off in the black data series
but otherwise set to 300°C. The temperature stated within parentheses
is that as recorded by the PT100 thermocouple underneath the SiPM
evaluation board.
Figure 12: The γ spectroscopy response to Peltier active cooling.
low voltage setting of 1 V.
The impact of the active cooling technique, certainly
when using only a single Peltier module, is shown to be
limited in Figure 12. As was seen previously in Figure 10
the application of a 300°C soldering iron in close proxim-
ity to the SiPM-Scintillator unit causes a great reduction
in the centroid of the photopeak. However, once direct
cooling to the SiPM evaluation board is applied by the
Peltier Figure 12 shows that this allows for some level of
response recovery. Setting the Peltier voltage to 1.5 V pro-
duced a recovery of ∼1/2, however, increasing the volt-
age to near the optimum value at 3.5 V only produced a
minor improvement (for comparison these voltages cor-
responded to a change in SiPM temperature of approxi-
mately 34 and 75°C in the direct heating section of this
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work).
4. Conclusions and Further Work
Clearly the SiPM is a temperature dependent device,
this has been widely reported[36, 57, 58] and confirmed in
this work, and potentially has limitations on the suitabil-
ity of its use where the device itself will be operated at
higher temperatures. The performances presented here
would suggest that in applications where the SiPM will
be exposed to relatively warm conditions during opera-
tion it is necessary for some level of temperature com-
pensation to be implemented. However, it is also appar-
ent that the techniques investigated in this work have the
potential to fulfil this role.
Additionally, for the intended application in a TLD
reader there are a number of further experiments that
need to be performed in order to assess the suitability of
a SiPM for the photodetection component.
1. Replacement of the soldering iron with TLD heater.
2. Time-integrated light collection as a function of
temperature.
3. Application of multi-layer cooling arrays.
4. Performance of alternate cooling techniques.
With the exception of experiment 3, all of the above
suggestions will require construction of a prototype
which more closely approximates an end unit. The re-
placement of the soldering iron with an element such as
the kanthal alloy heater described in [28] would enable
the real IV curve of the end product to be studied. Simi-
larly, although studying the γ-ray spectra of a Scintillator-
SiPM system as a function of temperature is a standard
assessment technique[5, 59], the desired measurement is
actually the time-integrated light emitted from the TLD as
it is heated, the glow curve. This experiment is clearly the
most fundamental to the product but requires a degree of
further development work before it can be performed.
The thermoelectric cooling method is limited by a
maximum ∆T for an individual module. However, this
∆T value can be improved through the use of Peltier
cascades[60, 61], with multiple modules acting in combi-
nation. There are, naturally, diminishing returns through
additional modules, and the practicalities (successive
cooling stages requiring larger surface area) may make
the technique of limited use, but it still remains a possible
solution or part thereof.
Finally, it should also be noted that current commer-
cial TLD readers frequently make use of a forced nitro-
gen flow through the read-out chamber in order to reduce
the effect of surface contamination[62]. It is thought the
application of this may provide the necessary cooling re-
quired for a SiPM to not be exposed to detrimental tem-
perature conditions. This will clearly be a crucial area of
investigation for the next stage of this work.
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